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Lanthanum-doped lead zirconate stannate titanate antiferroelectric thin films were deposited onto
Pt-buffered silicon substrates using the pulsed laser deposition method. The deposition temperature
was 570 °C. The postdeposition annealing process was carried out in an oxygen-flow tube furnace
at temperatures ranging from 650 to 800 °C for a duration of 30 min; its effects were studied
through the variations of the microstructure as well as the electrical and dielectric properties. It
was found that an appropriate annealing process at temperatures above 700 °C
could substantially improve the dielectric properties. However, annealing beyond 800 °C caused
the film properties to deteriorate severely. Explanations were given with regard to the
microstructure-property relationship. © 2004 American Institute of Physics.
[DOI: 10.1063/1.1804226]
I. INTRODUCTION
Lead-based antiferroelectric materials have been inten-
sively studied for many years due to their promising appli-
cations in microelectronics as actuators, high-energy storage
capacitors, etc. Many methods have been used to prepare the
thin films of such materials including sol-gel, sputtering,
pulsed laser deposition (PLD), etc. Lead loss has been a
problem, which results in the formation of a low permittivity
pyrochlore phase. Furthermore, oxygen deficiency has been
found to enhance the pyrochlore phase formation. Conse-
quently, various approaches had been exploited to achieve a
pure perovskite phase such as using lead-excess precursors,
annealing in oxygen-rich atmosphere, or adopting the rapid
thermal annealing process. For the PLD process, employing
lead-excess targets combined with postdeposition annealing
in an oxygen-rich atmosphere has shown good results, which
has been utilized in this study for the preparation of the
lanthanum-doped lead zirconate stannate titanate (PLZST)
antiferroelectric thin films.
The annealing process plays an important role in tailor-
ing the properties of materials because of the thermally in-
duced phase transformation or microstructure modifications.
For the lead-based ferroelectric or antiferroelectric thin films,
postdeposition annealing was generally required to convert
the films from an amorphous or a pyrochlore-perovskite mix-
ture into the desired perovskite phase. In general, the amor-
phous phase transforms first to a metastable pyrochlore-type
structure (at 350–500 °C), which might then crystallize into
the stable perovskite phase (at 500–700 °C).1 It has been
shown that even a small amount of remanent nanoscale crys-
tallites or layers of pyrochlore are detrimental to the electri-
cal properties for these materials.2 However, if the annealing
temperature exceeds 700° C, lead loss could become severe
enough to cause the film to deteriorate.3 Moreover, high-
temperature or prolonged annealing could also result in
strains and/or form barrier layers at the film-substrate inter-
faces (induced by the interdiffusion between the film and the
substrate), which could lead to the severe deterioration of the
films4 as well.
Therefore, the annealing temperature and duration are
key factors in the lead-based thin-film preparation process.
We had embarked on the current study to investigate the
postdeposition annealing effects on the perovskite phase
crystallization, surface morphology, as well as the electrical
and dielectric properties of the antiferroelectric
Pb0.97La0.02sZr0.65Sn0.28Ti0.07dO3 (PLZST) thin films prepared
by the PLD method.
II. EXPERIMENT
Ceramic targets of predetermined composition were fab-
ricated by the conventional solid oxides reaction method,
with the calcination temperature and sintering temperature of
800 and 1200 °C, respectively. An excess of 10 mol%PbO
was added in the green state to compensate for the lead loss.
The composition of the PLZST target was located in the
tetragonal antiferroelectric range, close to the morphotropic
phase boundary in the ternary phase diagram.
The configuration of the PLD facilities can be found
elsewhere.5 The substrate temperature was kept at 570 °C
under an oxygen pressure of 125 mTorr. The excimer laser
was operated at 5 Hz with the laser energy of 200 mJ (cor-
responding to a laser fluence around 5 J /cm2). The working
wavelength of the laser was 248 nm (KrF). The deposition
duration was kept at 18 min for all the samples. After depo-
sition, the films were subjected to the annealing process un-
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der different temperatures, ranging from 650, 700, 750, to
800 °C for 30 min each in an oxygen-flow tube furnace. The
heating rate was estimated to be 120 °C/min and the cooling
rate was about 30 °C/min. The substrate used was a Pt-
buffered silicon. For the pure phase PLZST thin films, the
substrate temperature was 200 °C under an oxygen pressure
of 100 mTorr. The laser density was 6 J /cm2, with a repeti-
tion rate of 10 Hz. The deposition time was 12.5 min. The
postdeposition annealing was performed at 650 °C for
30 min in an oxygen-flow ambient, using a tube furnace.
Gold conductive pads of area of 0.0314 mm2 were deposited
on top of the PLZST samples by dc sputtering to facilitate
the electrical property measurements.
The crystallographic phase was determined by x-ray dif-
fraction (XRD) (Siemens D500 powder diffractometer). A
field-emission scanning electron microscope (FESEM)
(JOEL) was used to evaluate the surface morphology as well
as the thickness of the films (by a cross-section view). The
dielectric properties were measured using a Hewlett-Packard
4284A Precision LCR meter automatically with a Delta 9023
chamber as a temperature controller, all the systems were
controlled by a computer. The polarization-electric field
(P-E) loops of the films were tested using a Precision Pro
ferroelectric test system (Radiant Technologies, Inc.) with a
H100 series probe station (Signatone) as a sample stage.
III. RESULTS AND DISCUSSION
A. XRD patterns and SEM results
The x-ray diffraction patterns of the as-deposited film as
well as the films that underwent annealing at different tem-
peratures are shown in Fig. 1. For the as-deposited film, the
pyrochlore phase dominated with a small fraction of the per-
ovskite phase. The full width at half maximum of the pyro-
chlore (222) diffraction peak was 0.18° and that of the per-
ovskite (110) peak was 0.13°, indicating that the grain size
was larger for the perovskite phase in the as-deposited films.
Even the vol% of the pyrochlore phase was much higher
than that of the perovskite phase, as indicated by the inte-
grated intensity of their strongest peaks.
After annealing at 650 or 700 °C, the pyrochlore phase
still existed as the main phase in the films. The amount of
perovskite phase started to increase with the further increase
of the annealing temperature, at the expense of the pyro-
chlore phase. As the annealing temperature increased to
750 °C, the perovskite phase became favored over the pyro-
chlore phase. Annealing at an even higher temperature, e.g.,
800 °C, however showed a reverse trend; that is, the pyro-
chlore phase started to reappear at the expense of the perov-
skite phase. This effect is attributed to the severe lead loss
during the high-temperature annealing, thus inducing the
preferred growth of the lead-deficient pyrochlore phase.
From these results, the annealing process at 750 °C was
found to be the most suitable for the phase transformation
from pyrochlore to perovskite—a fairly narrow window dur-
ing the postdeposition annealing process.
It has been reported that even when an extra lead source
was used, some PbO was always lost during annealing.6 On
the other hand, lead loss started near 700 °C and increased
with the annealing temperature and annealing duration for
the lead-based ceramics.3 Hence, it is reasonable to assume
that the lead loss would occur even at temperatures lower
than 700 °C. We have also conducted a preliminary study on
the postdeposition annealing process for the PLZST films
deposited at a temperature as low as 200 °C, and the opti-
mum annealing temperature was found to be 650 °C (the
pure phase curve was the result shown in Fig 1, and we use
it as a comparison for all the results reported in this work).
The starting phase for these films was amorphous instead of
the crystallized pyrochlore-perovskite mixture as shown for
the present case. Therefore, the annealing process seems to
be more efficient for the phase transformation from amor-
phous to perovskite than that from the crystallized pyro-
chlore phase. The main obstacle for the perovskite phase
transformation was the lead loss during annealing at a suffi-
ciently high temperature, which could trigger the growth of
the perovskite phase from the pyrochlore phase and yet not
too high to lose lead.
The morphology evolution for the films subjected to the
annealing process under the different temperatures is shown
in Fig. 2. It can be seen that the surface of the as-deposited
films is smooth with little droplets, as shown in Fig. 2(a).
After annealing at 650 °C, many round-shaped particles ap-
peared and spread over the whole surface, as shown in Fig.
2(b). These particles were considered to be the pyrochlore
structure from the XRD pattern; there was no sign of the
perovskite phase growth at this stage. However, these par-
ticles were converted into the perovskite phase as the anneal-
ing temperature was raised to 700 °C, based upon the XRD
data; its corresponding rosette-shaped microstructure is
shown in Fig. 2(c). This rosette-shaped perovskite phase was
also observed by the others;7,8 they were considered to be
perovskite islands in a pyrochlore matrix. Increasing the an-
nealing temperature further yielded the coalescence of the
perovskite islands along with the decrease of the pyrochlore
matrix, as illustrated in Fig. 2(d). However, for the
800 °C-annealed sample, the rosette structure diminished
and the film turned into a cluster structure with many pores
distributed uniformly in the film. The pores are attributed to
the PbO evaporation or the releasing of the gas bubbles em-
bedded in the films after annealing at a high temperature.7
FIG. 1. XRD patterns for the as-deposited film and the annealed films, a
pure phase pattern is shown.
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The thickness of all the samples is around 0.33 mm, as
shown by the FESEM cross-section view of the
650 °C-annealed sample in Fig. 2(f).
B. Electrical and dielectric properties
The polarization hysteresis loops are illustrated in Fig.
3(a) for the as-deposited samples as well as for the films that
underwent annealing (the film annealed at 800 °C showed
electrical shortage so the results were not available.) As ob-
served, the hysteresis loop for the as-deposited film is near
the paraelectric type. This is ascribed to the large vol% of the
pyrochlore phase in the film. As expected from the XRD and
the microstructure results, after annealing at 650 °C, the
saturation polarization increased and the 700 °C-annealed
sample exhibited a hysteresis loop with the saturation polar-
ization of 14 mC/cm2 with little remanent polarization.
These features confirmed that a phase transformation from
the pyrochlore to the perovskite has taken place after anneal-
ing. When the annealing temperature was increased to
750 °C, the hysteresis loop was well developed and the satu-
ration polarization was increased to 23 mC/cm2. The rema-
nent polarization for the film after annealing at 750 °C was
3 mC/cm2. However, the hysteresis loop did not show an
obvious double hysteresis loop, although it was more delin-
eated in its corresponding C–V curve as shown in Fig. 3(b).
This is probably due to the film composition located near the
morphotropic phase boundary between the antiferroelectric
and ferroelectric region. As such, a competition between an-
tiferroelectricity and ferroelectricity could likely exist in the
film. Moreover, due to the tensile stress after cooling from
the high annealing temperature, the ferroelectric phase could
become even more stable.9 The cited factors could account
for the observed remanent polarization as well as the smear-
ing phase transitions between the antiferroelectric and the
ferroelectric states under an electrical field as shown in Fig.
3(a). For the pure phase PLZST film, a double hysteresis
loop was obtained, indicating the formation of a antiferro-
electric phase. Its first derivative sC–Vd [in Fig. 3(b) ] had
clear double peaks corresponding to the double hysteresis
loops.
From these observations, it was concluded that the post-
deposition annealing process could promote the phase trans-
formation from pyrochlore to perovskite. An incomplete
phase transformation to the perovskite phase would result in
the degradation of the antiferroelectric properties of the film.
Other features of the annealing process include the effects on
the redistribution of defects,10–12 the reconfiguration of the
domain walls,13–15 or the elimination of the oxygen
vacancies,16–18 etc. The defects and oxygen vacancies or lead
vacancies are related to the leakage current and the dielectric
relaxation with frequency, which are discussed in the follow-
ing paragraphs.
Figure 4 shows the leakage current against the dc volt-
age for four sample conditions. At a low field, the ohmic
conduction dominated whereas the space-charge-limited con-
duction (SCLC) prevailed under a high field, as observed in
Fig. 4. There was an abrupt transition between the two re-
gions and the turning point voltage, usually called the trap-
FIG. 2. FESEM plan view of the as-deposited film (a), and the films after annealing at 650 (b), 700 (c), 750 (d), and 800 °C (e); also, the cross-section view
for the 650 °C-annealed sample (f).
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filled-level voltage VTFL or onset voltage for the SCLC, was
in the range of 2.2 V–2.6 V, corresponding to an electrical
field of 67–79 KV/cm. It was interesting to find that the
VTFL for all the samples is almost the same within the accu-
racy of the measurements. The origin for the same values of
VTFL is possibly related to the similar deep levels of the
electron traps located below the Fermi level.19 Another no-
ticeable feature in the I–V curves is the decrease of the leak-
age current with increasing the annealing temperature. In the
ohmic conduction range, the leakage current decreases from
2.9310–7, 1.9310–8, and 3.8310–9 to 1.2310–9 A/cm2
under an electrical field of 30 KV/cm s1 Vd for the as de-
posited film and the annealed films with increasing the an-
nealing temperature from 650 to 750 °C. In the SCLC range,
there is little change, with the leakage current of the
750 °C-annealed sample being a bit larger than that of the
700 °C-annealed sample. This could have resulted from the
more defects, such as lead vacancies, induced during the
high temperature annealing.6 From the leakage current data,
we can find that it is higher in the films composed mainly of
the pyrochlore phase in comparison to the better-crystallized
perovskite-phase-dominated films. The annealing process
could pronouncely suppress the leakage current as discussed
previously. We noticed that the pure phase PLZST film did
not show the smallest leakage current, which meant that the
leakage current has no relation with the crystalline phase but
the space charge near the surface or the grain boundaries.
The dielectric constant and dielectric loss against fre-
quency are shown in Fig. 5. The measurements were per-
formed at room temperature. As expected, the dielectric con-
stant increased from 178 to 481 at 1 kHz after annealing at
750 °C. There was a large improvement in the dielectric
constant when the films underwent annealing at 700 °C, as
shown in Fig. 5(a). The dielectric losses for all the samples
were confined in the range between 0.007 and 0.025 in the
whole frequency domain studied. There was a weak low-
frequency relaxation for the as deposited film and the
650 °C-annealed film. And this low-frequency dielectric dis-
persion disappeared after the film was annealed at 700 or
750 °C. Meanwhile, the dielectric loss decreased after an-
nealing, as shown in Fig. 5(b). The decrease in the dielectric
loss at low frequencies suggests the possible presence of a
space-charge polarization.17 The higher dielectric constant
and the lower dielectric loss of the films, subjected to anneal-
ing at temperatures of 700 and 750 °C, must be associated
with a reduction of the nonferroelectric pyrochlore phase in
FIG. 3. Polarization hysteresis loops for the as-deposited and annealed films
(a) and the corresponding C–V curve for the 750 °C-annealed sample (b).
FIG. 4. Leakage current against dc voltage in a log-log plot.
FIG. 5. Frequency-dependence of the dielectric constant (a) and dielectric
loss (b), from 200 Hz to 1 MHz.
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the films. It is worth noting that the pure phase PLZST film
has a dielectric constant comparable with that postannealed
at 650 °C. It seems that the postannealing temperature has a
prominent impact on the dielectric constant. However, the
loss tangent of the pure phase PLZST was largest among all
the films. The difference of the deposition temperature might
be an indication of this phenomenon.
The temperature dependence of the dielectric constant as
well as the dielectric loss is shown in Fig. 6. The measuring
frequency ranged from 1 kHz to 1 MHz. The dielectric peak
temperature for all the samples was found to be around
100 °C, which is consistent with that of the pure phase
PLZST thin film shown in Fig. 6 for the
750 °C-postannealed film with the hollow square symbol.
There were two points to be noted: one is the frequency
dispersion at temperatures beyond the dielectric peak tem-
perature; the other is the slight frequency dependence of the
dielectric peak temperature.
It is obvious that the frequency dispersion for the as-
deposited films is much more severe in the temperature range
higher than the dielectric peak temperature. In the perovskite
structure, the cations are surrounded by a network of oxygen
octahedra and are separated from the neighboring cations of
the same kind (A or B site) by the entire unit cell (approxi-
mately 0.4 nm), thus making the movement of the cations
difficult. However, the oxygen sites are about 0.28 nm apart,
adjacent to one another and may thus move easier. This re-
sult has been confirmed by the measured higher diffusion
coefficient of the oxygen vacancies in the BaTiO3 perovskite
structure.20
Therefore, the frequency dispersion of the dielectric con-
stant as well as the dielectric loss at higher temperatures is
related to the oxygen vacancies.16–18,21 It was also reported
that this kind of dispersion could be suppressed by using an
oxygen-rich atmosphere annealing process.16,17 In our case,
the annealing process in oxygen-flow environment also could
FIG. 6. Temperature dependence of the dielectric con-
stant and dielectric loss of the as-deposited and an-
nealed films.
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suppress the dielectric relaxation at high temperatures.
Therefore, it is reasonable to reach the conclusion that after
annealing at high temperatures, the concentration of oxygen
vacancies decreased.
The frequency dependence of the dielectric peak tem-
perature was observed in all the films except for the
750 °C-annealed one. The dielectric peak temperature
shifted to a higher value as the frequency decreased. This is
not a phenomenon of a relaxor, which shows a decreased
dielectric peak temperature with the decreasing frequencies.
After annealing at 750 °C, the frequency dependence of the
dielectric peak temperature disappeared. Wu et al.16 also
found such dielectric anomaly in SBT ceramics, which was
thought to come from the oxygen-vacancy-related relaxation.
In the present case, this concept could also be adopted to
interpret the frequency dependence of the Curie temperate
and its absence in the 750 °C-annealed sample. It is known
that the oxygen vacancy concentration would change after
annealing.22 So, the high-temperature oxygen-atmosphere
annealing used herein suppressed the oxygen vacancy forma-
tion and finally eliminated the related dielectric relaxation18
after annealing at 750 °C.
IV. CONCLUSIONS
In summary, the postdeposition annealing process of the
PLD-derived PLZST thin films was found to be important in
the following aspects: (1) The phase transformation from py-
rochlore to perovskite occurred efficiently as the annealing
temperature went up to 750 °C, (2) the dielectric constant
was enhanced and the dielectric loss was suppressed after
annealing, and (3) the leakage current was decreased with the
annealing temperature, whereas the trap-filled voltage was
kept almost constant regardless of the annealing temperature.
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